For the first time, a comprehensive and quantitative analysis of the domains of validity of popular wave propagation theories for porous/cracked media is provided. The case of a simple, yet versatile rock microstructure is detailed. The microstructural parameters controlling the applicability of the scattering theories, the effective medium theories, the quasi-static (Gassmann limit) and dynamic (inertial) poroelasticity are analysed in terms of pores/cracks characteristic size, geometry and connectivity. To this end, a new permeability model is devised combining the hydraulic radius and percolation concepts. The predictions of this model are compared to published micromechanical models of permeability for the limiting cases of capillary tubes and penny-shaped cracks. It is also compared to published experimental data on natural rocks in these limiting cases. It explicitly accounts for pore space topology around the percolation threshold and far above it. Thanks to this permeability model, the scattering, squirt-flow and Biot cut-off frequencies are quantitatively compared. This comparison leads to an explicit mapping of the domains of validity of these wave propagation theories as a function of the rock's actual microstructure. How this mapping impacts seismic, geophysical and ultrasonic wave velocity data interpretation is discussed. The methodology demonstrated here and the outcomes of this analysis are meant to constitute a quantitative guide for the selection of the most suitable modelling strategy to be employed for prediction and/or interpretation of rocks elastic properties in laboratory-or field-scale applications when information regarding the rock's microstructure is available.
I N T RO D U C T I O N
Knowledge of the effective physical properties of heterogeneous rocks (crystalline and/or sedimentary) is often needed in Earth Sciences, especially elastic properties in laboratory-scale rock physics, field-scale geophysics or seismology. Heterogeneity in rocks constituting the Earth's crust may arise from the variable mineral composition of the solid phase, the presence of pores/cracks and the nature of the saturating fluid. The presence of pore space is known to lower the elastic moduli (stiffness) of a rock as compared to the moduli of its constituent minerals. In crustal conditions, pores and cracks are often filled with geological fluids such as water or oil. The presence of fluids tends to partially restore the rock's stiffness. However, due to the mobile nature of fluids, and to the connectedness of the pore space, this stiffening is generally frequency dependent. This frequency dependence (dispersion) has consequences on the interpretation of seismic or geophysical data when rock elastic properties determined from laboratory measurements are used as a reference. Laboratory elastic data are often derived from ultrasonic wave velocity measurements performed in the range 0.1-1 MHz, whereas earthquake seismology, exploration geophysics and borehole geophysics data are obtained in the ranges 0.01-10 Hz, 10-100 Hz and 1-20 kHz, respectively.
Dispersion of wave velocities due to the presence of a fluid in the pore space stems from the fact that this fluid may or may not have the time to flow within the connected pore space when a stress wave propagates through the rock. At 'high' frequency, fluid has no time to flow and the rock appears stiffer than at 'lower' frequencies at which fluid has time to drain following local and/or global pressure gradients induced by the propagating stress wave. This phenomenon is obviously related to the local and/or global mobility of the fluid in the pore space. At 'high' frequency, inertial effects are also expected to occur if the porosity, the tortuosity of the connected pore network and the solid/fluid density contrast are sufficiently high. At 'high' frequency, dispersion can also arise from multiple scattering of a propagating wave on heterogeneities with a size comparable to the wavelength. Although this last phenomenon is not related to the presence of fluids in the pore space, it is directly related to the characteristic size of the cavities constituting this pore space, and can constitute an important source of dispersion.
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The question that arises then is what frequency should be considered as 'high' or 'low' with respect to the frequency dependence of rocks' elastic properties. Consequently, how this impacts the use of wave propagation theories for the interpretation of seismic, geophysical or ultrasonic data. In other words, what are the rock's pore space topological features that control its frequencydependent response at the wavelength scale? Answering this question requires the definition of cut-off frequencies associated with the various physical mechanisms likely to be triggered by a propagating stress wave. These cut-off frequencies typically represent the boundaries of the domains of validity of the various theories accounting for wave propagation in a heterogeneous rock.
Double-porosity/dual-permeability models for porous media are out of the scope of this communication, although they are very important for natural rocks. The present analysis focuses on simpler rock microstructures and can be considered as a first attempt towards a generalization to such complex media. Examples of simple microstructures treated here include single-porosity rocks or rocks having narrow distributions of cavities' characteristic size and geometry, for example, thermally or mechanically microcracked crystalline rocks such as granites or marbles; or granular sedimentary rocks such as 'clean' sandstones subjected to high effective pressures (closed grain contacts or microcracks).
In the following, the physical dispersion mechanisms and the associated cut-off frequencies are first reviewed in the context of a simple isotropic, fluid-saturated porous rock model with variable pore space topology. An original permeability model explicitly accounting for this rock microstructure is then derived and compared to other published models and experimental data in some limiting cases relevant to Earth Science applications. This will lead to the definition of a mapping of the domains of validity of the associated wave propagation theories in terms of the explicit rock microstructural characteristics. How this mapping impacts the various types of elastic data acquired at various frequencies is illustrated. Eventually, the effect of pore space connectivity on the macroscopic permeability is quantified and its impact on the cut-off frequencies and the associated validity domains of wave propagation theories is discussed.
P H Y S I C A L M E C H A N I S M S : C U T -O F F F R E Q U E N C I E S
Frequency dependence of elastic moduli or wave velocities in rocks may arise from various sources, including, but not restricted to: (i) transition between global viscous flow in the connected pore space, and inertial drag between solid and fluid phases; (ii) local fluid flow between neighbouring cavities within a representative volume element (RVE) due to pores' compliant geometry; (iii) scattering due to the fact that wavelength may be comparable to the characteristic size of the heterogeneities and (iv) fluid flow in a partially saturated medium. We will focus here on the first three causes of dispersion and restrict our attention to simple, isotropic porous rocks saturated with a single fluid (e.g. water). For an extensive review of dispersion mechanisms see Winkler & Murphy (1995) and references therein. A whole body of literature has been dedicated to the problem of seismic dispersion, or the associated attenuation, in rocks over the past 50 years. It includes experimental studies on both sedimentary and crystalline rocks (Winkler & Nur 1979; Spencer 1981; Winkler 1983 Winkler , 1985 Winkler , 1986 Murphy 1985; Jackson & Paterson 1987; Lu & Jackson 1996 , 1998 Adam et al. 2006 Adam et al. , 2009 Batzle et al. 2006; Adelinet et al. 2010 ) and theoretical analyses (Biot 1962; Johnson & Plona 1982; Jones 1986; Mavko & Jizba 1991; Johnson et al. 1994; Cadoret et al. 1995; Berryman & Wang 2001; Schubnel & Guéguen 2003; Pride et al. 2004; Toms et al. 2007; Mavko et al. 2009; Sarout et al. 2009; Guéguen & Sarout 2009a ,b, 2010 .
Estimating the amount of dispersion in rocks is not the aim of this paper. Note however that dispersion has been predicted to reach about 10 per cent in P-wave velocity in the case of a fully watersaturated cracked rock between the megahertz and the subhertz frequency ranges (Schubnel & Guéguen 2003; Masson & Pride 2007; Sarout et al. 2009; Guéguen & Sarout 2010; Quintal et al. 2011) . Unfortunately, no direct measurements of dispersion for such rocks seem to have been reported in the literature. However, in a fully water-saturated double-porosity basalt (cracks and equant pores), dispersion has been experimentally measured to reach about 20 per cent in bulk modulus between the megahertz and the subhertz frequency ranges Adelinet et al. (2010) . Also, Batzle et al. (2006) measured a dispersion of about 20 per cent in a glycerine-saturated double-porosity sandstone between the megahertz and the hertz frequency ranges.
In a fully saturated porous rock, fluid flow may occur at two different length scales: (i) macroscopic/global flow occurring at the wavelength scale, that is, between minima and maxima of the stress induced by a propagating wave; and (ii) the microscopic/local/squirt flow occurring within an RVE of the medium between neighbouring heterogeneities (pores/cracks). The former mechanism is accounted for by Biot's theory of poroelasticity. The limit separating the quasi-static (Gassmann limit) and the dynamic (inertial) domains of poroelasticity is the so-called Biot's cut-off frequency f b , which involves the medium's permeability. Note that the concept of permeability is relevant only for a well-defined RVE. It is a macroscopic property of the medium over a length scale larger than the heterogeneities present in the medium, for example, cavities in the porous medium. Below f b , the porous medium response is dominated by viscous flow, while above f b , it is dominated by inertial drag and virtually no flow occurs. Around f b , viscous and drag forces are of comparable magnitude.
The squirt-flow mechanism is due to the difference of fluid pressure in neighbouring cavities of different geometry and/or orientation with respect to the propagating stress wave (Shafiro & Kachanov 1997) . Above the so-called squirt-flow cut-off frequency f sq , the fluid is 'frozen' in the cavities and has no time to flow, either at the microscopic (locally between neighbouring cavities) or at the macroscopic scale (between stress wave minima and maxima). In that case, fluid-filled cavities act as inclusions and Effective Medium Theory (EMT) can be employed to model the medium's elastic response to the propagating stress wave. Around f sq , fluid may flow locally between neighbouring cavities and the maximum energy loss due to this mechanism is expected. Below f sq , global viscous flow across RVEs or inertial drag can occur (poroelastic domain), depending on the magnitude of f b as compared to f sq . Wave scattering occurs when the wavelength becomes comparable to the heterogeneities size, that is, when frequency is higher than the so-called scattering frequency, f s (Mavko et al. 2009 ). Only below f s can poroelastic (quasi-static or dynamic) or EMT be used in a robust manner. Above f s , one of the scattering theories is to be used, that is, Rayleigh, stochastic/Mie or diffusion scattering, depending on the ratio between the wavelength and the characteristic size of heterogeneities.
Biot's characteristic frequency f b depends on the medium porosity φ and permeability k, as well as on the fluid viscosity η and Pore space topology and wave propagation
This cut-off frequency is formally independent of the pore space topology. However, a fundamental assumption of the theory of poroelasticity is that the fluid is subjected to the same pressure in all cavities (e.g. pores/cracks) contained in an RVE. Therefore, local flow between neighbouring heterogeneities is not supposed to occur, only global flow across RVEs is admissible and is controlled by the medium's macroscopic permeability.
On the other hand, local flow can occur under the condition that the geometry of certain heterogeneities contained in the RVE is elastically compliant (anisotropic geometry) such that these heterogeneities are sensitive to changing stresses and therefore fluid in them can potentially move out or squirt (Adelinet et al. 2011) . On top of this necessary but not sufficient condition, either or both of the following conditions need to be fulfilled within an RVE:
(i) the stress is locally anisotropic (e.g. plane wave) such that heterogeneities with identical (compliant) geometries oriented differently with respect to this stress field will experience different fluid pressures; and/or (ii) the heterogeneities have different geometries, including compliant ones (e.g. equant pores and cracks, or only cracks but with different aspect ratios), such that even if the stress is isotropic, fluid pressure can be different in different heterogeneities.
In either case, local fluid pressure gradients can exist and flow from one heterogeneity to the neighbouring one can take place.
For sake of simplicity, we will focus in the following analysis on the case of a porous rock made of randomly located and oriented cavities with narrow distributions of sizes and geometries. Although this case may seem simplistic, it is relevant for (i) thermally and/or mechanically cracked crystalline rocks; and for (ii) granular sedimentary rocks subjected to high effective pressures such that grain contacts and microcracks are closed, leaving a porosity that can be modelled with capillary tubes. For both configurations, at least two out of the three dispersion mechanisms analysed here potentially exist.
For randomly oriented cavities with non-spherical (or compliant, anisotropic) geometry, squirt-flow and the associated dissipation is maximal around f sq , that depends on cavities geometry. More precisely, the magnitude of this cut-off frequency is controlled by the aspect ratio of the cavities ξ , or in other words, its degree of anisotropy (how flat, and therefore compliant it is). For instance, Le derived an approximate expression of f sq involving ξ , the Young's modulus of the background solid matrix E o and the fluid viscosity η, that is,
This result is based on local mechanical equilibrium considerations [see appendix in Le ]. If a single anisotropic cavity embedded in an infinite solid is considered, then E o corresponds to the Young's modulus of this solid (non-interaction approximation). If now many such cavities are present in the rock, E o corresponds to the Young's modulus of the porous frame surrounding that given cavity in the effective field approximation. This last case is considered here and E o is therefore the Young's modulus of the dry porous rock (drained). Note that expressions quantitatively similar to (2) have been derived by other authors (Jones 1986; Berryman & Wang 2001; Pride et al. 2004; Mavko et al. 2009 ).
In solids containing heterogeneities such as pores and/or cracks, scattering of propagating elastic waves occurs when the wavelength becomes comparable to the characteristic size of the heterogeneities. As reported by Mavko et al. (2009) , Rayleigh scattering occurs when the wavelength λ is greater than the characteristic size 2R of the heterogeneities, that is, λ > 2R; stochastic/Mie scattering occurs when λ 2R; and diffusion scattering occurs when λ < 2R. When λ 2R, wave scattering is negligible and the porous medium behaves effectively as a homogeneous medium. Practically, let us consider that wave scattering effects are negligible when λ > 10 × 2R. This constitutes the upper limit of 'very high' frequencies in the present analysis and corresponds to a cut-off frequency of
where V PS stands for the velocity of the relevant longitudinal or shear wave in that medium. If Young's modulus E o and Poisson's ratio ν o of the porous frame (drained or dry) are known, V PS can be explicitly calculated. For a longitudinal wave
and for a shear wave
where ρ is the density of the rock (dry or fluid-saturated).
ROCK MICROSTRUCTURE: P E R M E A B I L I T Y M O D E L
To quantitatively compare the cut-off frequencies defined in eqs (1)-(3), one needs to determine the dependency of permeability appearing in Biot's cut-off frequency on rock's microstructure or pore space topology. Therefore, one needs to specify explicitly this microstructure. To this end, a simple, yet versatile rock microstructure model is devised: the rock is composed of an isotropic elastic solid embedding a number of randomly located, oriented and connected (overlapping) cavities of spheroidal geometry (ellipsoids of revolution). The size (radius R) and geometry (aspect ratio ξ ) of all spheroids are identical or can admit a narrow distribution around average values R and ξ . The same fluid fills all spheroids. The choice of a spheroidal geometry of the cavities allows a common descriptive formalism to be used for various types of 'simple' rocks having different microstructures. The parameter ξ , defined as the ratio of the short to the long semi-axes of the spheroid, is introduced to describe the geometry of the cavities making the porous network of the rock. Indeed, this geometry covers the cases of (i) penny-shaped cracks with compliant oblate spheroids in the limit ξ 1, for example, cracked granites or marbles; (ii) equant pores corresponding to the so-called 'swiss-cheese' model for ξ 1, for example, vesicular basalts; or (iii) capillary tubes with prolate spheroids in the limit ξ 1, for example, clean sandstone under high effective pressure. This approach allows, via a continuum format, for the modelling of intermediate topologies in between these classical limiting cases.
In the fully connected regime, far above the percolation threshold, the permeability k of such rock model, can be approximated using the porosity φ and the concept of hydraulic radius [see for instance Guéguen & Palciauskas (1994) for a review of permeability models],
where the hydraulic radius m is the ratio of the volume V c to the surface area S c of the cavities. The constant α is dimensionless (Guéguen & Palciauskas 1994) . It is usually derived from 484
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Poiseuille's law and depends on (i) the geometry of the crosssectional area of the capillary tubes that play the role of the conducting units in an equivalent channel model, and (ii) on the tortuosity of the pore network (Paterson 1983; Walsh & Brace 1984; Berryman & Blair 1987; Matyka et al. 2008) . For instance, according to Paterson (1983) or Bernabé (1986) 
where τ is the tortuosity of the pore network and b is a shape factor ranging from 2 to 3 when the aspect ratio of the cavities varies from 1 to 0, respectively. Tortuosity ranges between ∼1 and ∼3 for natural rocks or model porous media (Berryman & Blair 1987; David 1993; Berryman & Wang 2001; Matyka et al. 2008) . Therefore, α is expected to range from 0.01 to 0.25 in the present permeability model.
For identical spheroids of radius R and aspect ratio ξ , analytical expressions of V c and S c are available in Garboczi et al. (1995) for both oblate (0 < ξ < 1) and prolate (ξ > 1) spheroids. Combining these expressions with (4) leads to the expressions describing the new permeability model.
where the porosity φ of a medium made of identical, randomly oriented and overlapping spheroidal cavities is given by Garboczi et al. (1995) , that is,
as opposed to impenetrable (unconnected, non-overlapping) cavities, where φ = N v V c . The parameter N v stands for the number of cavities per unit volume, or simply cavity number density. The cavities radius R and aspect ratio ξ in the above permeability model, and thus in the cut-off frequencies given in (1)-(3), can be considered to represent averages over the actual radius and aspect ratio distributions in a real rock, for example, microcracked crystalline rocks or granular sedimentary rocks under high enough effective pressure. Eqs (1)- (3) and (5)- (7) would model with reasonable accuracy the response of a real rock as long as its cavities radius and aspect ratio distributions are narrow such that the approximations X 2 X 2 , where X stands for R or ξ , remain reasonable (Bernabé 1986; Guéguen & Dienes 1989) . Although the averaging operation over these distributions is difficult to determine and mathematically formalize from observational data on actual rock microstructures, it is expected that these distributions will widen the sharp theoretical cut-off frequencies defined for a strictly speaking single-porosity rock in (1)-(3). In fact, in the following, these cut-off frequencies are to be rather considered as transition zones, that is, the wider distribution of R and/or ξ , the wider is the associated transition zone. This point is further discussed in Section 5.
It is seen from eqs (5) and (6) that for k obl and k pro to coincide for spherical pores (vicinity of ξ = 1), the constants α obl and α pro need to be equal. Thus, this constant can no longer be considered to have the same exact meaning as the one introduced in the equivalent channel model, which is consistent with the fact that in the present model equivalent channels are not the conducting units. It is rather the network constituted by randomly located, oriented and overlapping spheroidal cavities which plays that role. The lump parameter α still carries information about the microstructure of the rock although the underlying microvariables controlling its magnitude are not explicitly known. In the following, we will rely on the constraint of having a unique permeability for ξ = 1, and therefore assume that α obl = α pro = α. Note that this same constraint naturally yields ∂k obl /∂ξ = ∂k pro /∂ξ in the vicinity of ξ = 1. As an example, the predictions of this permeability model are presented in Fig. 1 in terms of R and ξ for a porosity of 0.3. The permeability model described by eqs (5) and (6) is valid for porosities larger than the critical percolation porosity φ c (percolation threshold). If porosity is low enough to be close to φ c , this model breaks down because permeability in the vicinity of φ c is expected to vary more drastically with porosity than predicted by (5) and (6) alone. How this model is extended to the domain near the percolation threshold is detailed in the Discussion section. Note already that Garboczi et al. (1995) showed that this percolation threshold φ c depends directly on cavities geometry (aspect ratio ξ ). That is why Fig. 1 only shows the permeability predictions from eqs (5) and (6) as a function of R and ξ for a porosity larger than the largest critical percolation porosity (φ > φ c ) for all R ∈ [1 μm, 1 mm] and ξ ∈ [10 −4 , 10 4 ] considered in this analysis (see the Discussion section and Fig. 7 for more details).
To check the validity of this permeability model, we compare it to well-established approximate models published by Guéguen & Dienes (1989) in the limiting cases studied by these authors, that is, cracks ( ξ 1) and capillary tubes ( ξ 1). The constant α is used as a degree of freedom allowing for the best matching of the present model to these two asymptotic (in terms of ξ ) models. To this end, Figs 2 and 3 compare the permeability predictions of the present model to Guéguen and Dienes crack and capillary tube models in terms of ξ and R , respectively. In these plots, porosity is again kept constant at φ = 0.3 > φ c , and a value of α = 1/3 has been empirically found to yield a reasonably good match between the present model and these asymptotic models in the ranges R ∈ [1 μm, 1 mm] and ξ ∈ [10 −4 , 10 4 ]. Note that the sole parameter used to achieve this match is α. Moreover, this value of α is consistent with the values expected for typical Figure 2 . Comparison, as a function of average aspect ratio ξ , of the new permeability model with Guéguen and Dienes asymptotic models for cracks and capillary tubes for a porosity φ = 0.3, larger than all critical percolation porosities φ c . Top plot: average radius R = 1 μm; and bottom plot: average aspect ratio R = 1 mm. The sole parameter used to achieve the match between these models is α = 1/3. tortuosities and cross-sections of equivalent channels as estimated earlier in this section (∼0.01-0.25). Therefore, the permeability model given in eqs (5) and (6), with α = 1/3, will be used in the remaining of the paper. Note that this model is valid far above the percolation threshold, that is, when the porosity φ or cavities number density N v are high enough as compared to the critical porosity φ c or number density N c . The opposite situation (vicinity of the percolation threshold) is analysed in the Discussion section.
Another check of this permeability model consists in comparing its predictions with the experimentally measured permeability of rocks having the relevant microstructures, that is, porosity primarily made of cracks or capillary tubes. For instance, Darot et al. (1992) , Zhang et al. (1994 Zhang et al. ( , 2001 and Oda et al. (2002) provide permeability, porosity and quantitative microstructural data (grain size, cracks radius and/or opening) on crystalline rocks that contain mostly cracks (Carrara marble, Inada and La Peyratte granites). For Carrara marble, Zhang et al. (2001 Zhang et al. ( , 1994 −17 m 2 for a crack porosity of 2 10 −2 . Cracks were found to be located at grain contacts, therefore, assuming a crack radius of the order of the grain size yields a value of 1.5 mm. Cracks aspect ratio was found to be around 7 10 −5 . Using these values in (5) yields a permeability of 3 10 −17 m 2 . Analysis of these experimental data (permeability and microstructure) supports the validity of the present permeability model for isotropic crystalline rocks.
Furthermore, it is admitted that the permeability of sandstones subjected to high effective pressures (once microcracks and grain contacts are closed) can be modelled by a bundle of capillary tubes (Doyen 1988; Bernabé 1991; Zhu & Wong 1996) . In fact, porosity of clay-free sandstones is usually considered to be composed of (i) tubular pores located at the junction between three grains and (ii) cracks or contact zones between two grains. Due to their stress sensitivity, such grain contacts close at high effective pressure, leaving only the tubular pores. For instance Fortin et al. (2005) provide permeability, porosity and microstructural data (capillary tubes or pore throats radius) for Bleurswiller sandstone subjected to a high effective pressure, a pressure still lower than the threshold of pore collapse and grain crushing. Using this data set (φ = 0.25, R = 1 μm), and assuming any aspect ratio of the capillary tubes between ξ = 10 1 and 10 3 yields a permeability very close to 1.5 10 −14 m 2 , which agrees reasonably well with the directly measured permeability (2 10 −14 m 2 ).
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In conclusion, these comparison examples taken from published models and experimental data on actual rocks tend to support the validity of this novel permeability model over a wide range of pore space topologies.
R E S U LT S : VA L I D I T Y D O M A I N S O F WAV E P RO PA G AT I O N T H E O R I E S
Thanks to this new permeability model (5) and (6), Biot's cutoff frequency (1) can now be quantitatively compared to the two other cut-off frequencies (2) and (3) over a wide range of cavities radius R ∈ [1 μm, 1 mm] and aspect ratio ξ ∈ [10 −4 , 10 4 ]. More precisely, assuming that porosity is made of strictly identical cavities and combining (5) and (6) with (1) yields
These expressions of Biot's cut-off frequency are again assumed to remain reasonably good approximations for a rock having narrow distributions of cavities radius and aspect ratio, such that R 2 R 2 and ξ 2 ξ 2 remain valid approximations. In such a situation, R and ξ in (8) and (9) can be replaced by their respective average values R and ξ .
As an illustration example, Figs 4 and 5 plot the dependency of Biot's, squirt-flow and scattering cut-off frequencies on the cavities average radius R and average aspect ratio ξ . In Fig. 4 , the cut-off frequencies are represented by boundary surfaces in a 3-D plot separating the domains of validity of the EMT in red, the undrained poroelasticity (quasi-static Gassmann limit) in blue, the dynamic (inertial) poroelasticity in green and the scattering theory in light grey. The dark grey zone corresponds to the intersection of these domains where a competition between the four theories, Figure 4 . 3-D plots of Biot's, squirt-flow and scattering cut-off frequencies as a function of cavities average aspect ratio ξ and average radius R . These cut-off frequencies are represented by boundary surfaces separating the domains of validity of the EMT (red), undrained (quasi-static) poroelasticity (blue), dynamic (inertial) poroelasticity (green) and scattering theory (light grey). Fig. 4 . The cut-off frequencies are represented by dashed lines separating the domains of validity of the EMT (red), the undrained (quasistatic) poroelasticity (blue), the dynamic (inertial) poroelasticity (green) and the scattering theory (light grey). The shaded zones around these boundaries symbolize the fact that these cut-off frequencies are not sharp boundaries between the domains of validity but rather transition zones between these domains. The wider the radius R and/or the aspect ratio ξ distributions, the wider are these transition zones. and the associated dispersion mechanisms, occurs. In this zone, the dominant mechanism, and therefore the proper theory to be used for prediction interpretation purposes, depends on further details of the actual rock microstructure. Fig. 5 plots the cut-off frequencies, and the associated validity domains of the four theories, in the planes (i) cavities average aspect ratio ξ versus frequency, and (ii) cavities average radius R versus frequency. These plots correspond to the Sections A-A, B-B and B-B in the 3-D plot of Fig. 4. In Fig. 5 , the cut-off frequencies are represented by dashed lines separating the domains of validity of the EMT (red), the undrained (quasistatic) poroelasticity (blue), the dynamic (inertial) poroelasticity (green) and the scattering theory (light grey). The shaded areas around these dashed lines symbolize the fact that the cut-off frequencies are not sharp boundaries between the domains of validity but rather transition zones between these domains. This point is further discussed in Section 5, but it can already be stated that the wider the radius and/or the aspect ratio distributions, the wider these transition areas are expected to be.
The particular effect of cavities average aspect ratio ξ is analysed in greater details in Fig. 5(a) (Section A-A of Fig. 4 at R = 100 μm). The present rock microstructural model allows ξ to vary smoothly between ξ 1, corresponding to cracks, and ξ 1, corresponding to tubular pores. The particular case ξ 1 corresponds to equant pores, and is inherently part of the solution. This particular case is in principle well adapted for vesicular basalts for example. It is also known as the 'swiss cheese' model (Zhu & Wong 1996) . The effect of cavities average radius R , in the range 1 μm to 1 mm, is also detailed for two cases of particular interest in Earth Sciences: (i) thermally or mechanically cracked crystalline rocks (e.g. granite) for which porosity is primarily made of cracks with aspect ratio ξ 1 (Section B-B of Fig. 4 at ξ = 10 −3 ); and (ii) granular sedimentary rocks (e.g. clay-free sandstones) subjected to high effective pressures (closed cracks and/or grain contacts), such that porosity is primarily made of tubular pores (Takemura & Oda 2005; Schubnel et al. 2006; Fortin et al. 2005 ) with aspect ratio ξ 1 (Section B-B of 4 at ξ = 10 2 ). In Figs 4 and 5, water is taken as the saturating fluid with a density ρ = 10 3 kg m −3 and a viscosity η = 10 −3 Pa s at room conditions. The density of the water-saturated rock is ρ o = 2.5 10 3 kg m −3 . Young's modulus and Poisson's ratio of the drained (or dry) rock frame are E o = 50 GPa and ν o = 0.25, respectively. The corresponding elastic wave velocities are V P = 5.2 and V S = 2.8 km s −1 . Note that these velocities yield a scattering frequency f s (from eq. 3) in the range 1.4-2.6 MHz for an average cracks radius R = 100 μm.
Let us analyse in more detail the situation of a rock with E o = 50 GPa and a fixed R = 100 μm (Fig. 5a ). It is seen that earthquake seismology frequency is within the undrained poroelastic domain (Gassmann limit), regardless of the aspect ratio of the cavities. In contrast, laboratory ultrasonic testing frequency is completely outside this domain and requires the use of EMT when ξ < 10 −2 , or dynamic poroelasticity when ξ > 10 −2 for interpreting the data. Borehole geophysics frequency is in an intermediate situation for which the three theories may be required depending on cavities geometry. Let us now consider a cracked crystalline rock with E o = 50 GPa and a fixed ξ = 10 −3 , typically a granite (Fig. 5b) . It is expected that earthquake seismology and borehole geophysics frequencies are in the undrained poroelastic domain, regardless of the cavities radius R . Conversely, laboratory ultrasonic testing (1 MHz) lies in the EMT validity domain as long as R < 10 −4 m. For R > 10 −4 m, the dominant mechanism is scattering (Rayleigh, stochastic/Mie or diffusion). Let us eventually consider a rock with a porosity that can be modelled by a bundle of capillary tubes, that is, ξ 1. This case typically corresponds to a clay-free sandstone subjected to a high effective pressure such that cracks and grain contacts are closed and porosity can be modelled as being primarily made of capillary tubes (Fig. 5c for ξ = 10 2 ). In this case, it is predicted that earthquake seismology frequencies are entirely 488 J. Sarout in the undrained poroelastic domain (Gassmann limit), borehole geophysics frequencies are in the undrained poroelastic domain for R < 3 10 −5 m and in the dynamic poroelastic domain for R > 3 10 −5 m. Ultrasonic frequencies are in the dynamic poroelastic domain for R < 10 −4 m and in the scattering domain for R > 10 −4 m. Recall that the cavities radius R and aspect ratio ξ in the above permeability model, and thus in the associated cut-off frequencies given in (1)- (3) and (8) and (9), represent averages over the actual Rand ξ -distributions for a real rock. These distributions are expected to widen the theoretical sharp cut-off frequencies defined by (2), (3), (8) and (9), and represented by red, blue and green dashed lines in Fig. 5 . The spreading of these sharp boundaries into wider transition zones due to the possible existence of R-and/or ξ -distributions is illustrated in Fig. 5 by shaded areas surrounding the theoretical boundaries associated with the cut-off frequencies.
The plots in Figs 4 and 5 are provided as examples of application of the methodology. These maps need obviously to be adapted to the actual situation and rock of interest by applying (1)- (3) and (5) and (6) with appropriate numerical values, that is, actual viscosity of the saturating fluid, Young's modulus of the drained (or dry) rock, microstructural characteristics such as R and ξ , etc. Note in particular that only water as a saturating fluid has been considered here. However, a fluid with a higher viscosity (e.g. oil) can be accounted for by setting the proper viscosity in (1) and (2). Furthermore, viscosity of the saturating fluid may in fact be viewed as an additional degree of freedom in the parametric space of this analysis. In fact, the 3-D parametric space represented in Fig. 4 When independent and quantitative rock microstructural information is available (e.g. scattered electron microscopy microphotographs or micro-computed tomography scanning), the maps shown in Figs 4 and 5 may be used as a guide for indicating which theory is best suited for interpreting elastic wave velocity or time-lapse data obtained at a given scale or frequency (seismology, borehole geophysics, laboratory, etc.).
To illustrate another possible way of using these maps, let us consider that laboratory ultrasonic data are available for a porous rock in dry and water-saturated conditions (e.g. cracked granite or marble). Rock microstructural parameters (e.g. crack density) can be inverted for in the dry case from laboratory elastic wave velocity measurements using EMT, provided that the frequency of laboratory measurements is lower than the scattering frequency. Elastic wave velocities of the same rock can, in principle, be extrapolated to the fluid-saturated case using EMT, quasi-static (Gassmann limit) or dynamic poroelasticity. Then, the maps presented in Figs 4 and 5 are to be used to define quantitatively the proper frequency range in which each of these extrapolations is valid, or in other words, for which particular application each extrapolation would be suitable (seismology, borehole geophysics, laboratory ultrasonics, etc.). Otherwise, depending on these maps for the rock's specific microstucture, and if wave velocity data from the laboratory, or from cross-well seismic surveys are available for the saturated rock, they can be inverted for other microstructural parameters such as (i) pore space tortuosity if dynamic poroelasticity is the relevant theory, (ii) microcracks aspect ratio if it is the EMT or (iii) permeability if it is quasi-static poroelasticity (Gassmann limit).
D I S C U S S I O N : R E L E VA N C E O F T H E M O D E L L I N G A S S U M P T I O N S
An important point to be further discussed is the effect of a distribution of cavities radius R and/or aspect ratio ξ on the transitions between the domains of validity of the various wave propagation theories. These transitions have been plotted in Fig. 4 (3-D surfaces) and in Fig. 5 (dashed lines) using (2), (3) and (8), (9) with the average values R and ξ . To discuss the effect of the R-and/or ξ -distributions on the cut-off frequencies, let us first consider the case of a rock embedding cavities with narrow R-and/or ξ -distributions, and such that R = R o and ξ = ξ o . Based on the mathematical structure of the equations describing the three cut-off frequencies (2), (3) and (8), (9), and on the permeability model described by (5) and (6), the transition between, for instance, the higher elastic moduli predicted by the EMT at high frequency and the lower elastic moduli predicted by the undrained poroelasticity at lower frequency (Gassmann limit) is expected to be relatively sharp. This scenario is illustrated by the thin dispersion curve and the associated dark grey shaded transition area sketched in Fig. 6 . Note in this figure the vertical black dashed line representing the reference cut-off frequency f sq associated with the average values R o and ξ o . If in contrast the Rand/or ξ -distributions are wider, but with the same average values R o and ξ o , the transition between high-and low-frequency moduli is expected to widen. This is illustrated by the thick dispersion curve and the associated light grey shaded transition zone sketched in Fig. 6 .
More precisely, if a probability density function p df (R) for the radii R is devised that represents the actual R-distribution in the rock, the probability density of the cut-off frequencies f b and f s can be formally calculated thanks to eqs (3), (8) and (9). The same rationale holds for an aspect ratio probability density function q df (ξ ) representing the actual ξ -distribution in the rock, that is, q df (ξ ) can be input into eqs (2), (8) and (9) for calculating the probability density of the cut-off frequencies f b and f sq . Note that an R-distribution is not expected to affect the squirt-flow cut-off frequency Figure 6 . Schematic representation of the dispersion curves associated with a narrow (thin line) or a wide (thick line) distribution of cavities radius R and/or aspect ratio ξ . The vertical black dashed line corresponds to some cut-off frequency (f b , f sq or f s ) calculated using the average values R and/or ξ . The shaded areas correspond to the actual frequency range over which the transition effectively occurs between, for instance, the higher elastic moduli at high frequency as predicted by the EMT, and the lower elastic moduli at lower frequency as predicted by the undrained poroelasticity (Gassmann limit).
Pore space topology and wave propagation 489 according to eq. (2), while a ξ -distribution is not expected to affect the scattering cut-off frequency according to eq. (3). To illustrate this point, let us consider simple Gaussian distributions for R and ξ with means R 0 and ξ 0 , and variances σ 2 R and σ 2 ξ , such that the probability density functions p df and q df can be formally written as
Using (10) and (11) together with (2), (3) and (8) and (9) may lead to the probability distributions of the cut-off frequencies f b , f s and f sq . Such process leads ultimately to the quantitative definition of the associated dispersion curves. However, it is out of the scope of this contribution to perform explicitly these calculations.
The other point of critical importance in this analysis is the expected drastic reduction in the permeability of this rock model near the percolation threshold, that is, when the number of cavities per unit volume of rock is sufficiently low (Guéguen & Dienes 1989; Berkowitz & Balberg 1993; Garboczi et al. 1995; Benson et al. 2006a,b; Pervukhina & Kuwahara 2008; Zhang et al. 2009 ). Indeed, the rationale presented so far considers that the pore space of the rock is in the fully connected regime, that is, far above the percolation threshold. What if this is not the case? The macroscopic permeability of the medium in the vicinity of the percolation threshold is controlled by connectivity, that is, it is negligibly small below this threshold while it increases drastically right above it; and thus, the quantitative analysis and associated maps provided so far could be affected, especially in terms of the magnitude of Biot's cut-off frequency that directly depends on permeability. Therefore, one needs to consider in further detail two important issues: (i) 'where' the percolation threshold occurs in terms of the microstructural variables characterizing the pore space topology of the rock? and (ii) how does the connectivity evolve in the vicinity of that percolation threshold, which in turn affects the global permeability, Biot's cut-off frequency and therefore the maps in Figs 4 and 5?
In the framework of the present simple rock model, Garboczi et al. (1995) provide an answer to the first question. They estimated, using numerical simulations, the occurrence of the geometrical percolation threshold in terms of the porosity of a medium made of identical, randomly located, oriented and overlapping spheroidal cavities of aspect ratio ξ . Since the solid phase in this rock model is assumed to be non-permeable (because there is no secondary porosity), while the overlapping spheroidal cavities provide natural paths to fluid flow, the contrast in fluid conductivity between a cavity and the surrounding solid phase is extremely high. In fact, for the idealized rock model under consideration, this contrast is nominally infinite. Therefore, the geometrical percolation threshold determined by Garboczi et al. (1995) is equivalent to the fluid conductivity threshold. The porosity of such a simple porous rock depends on the cavities number density N v and on their volume V c (and therefore R and ξ ) according to (7). Fig. 7 recalls the results of Garboczi et al. (1995) : (i) the top plot shows the evolution of the percolation porosity φ c as a function of cavities aspect ratio ξ ; and (ii) the bottom plot shows how the top plot converts into cavities number density at percolation N c for various cavities radii R using (7). Note that for practical reasons these authors approximated their numerical results with a Padé-type function. This convenient mathematical descriptive function has no physical ground. According to the results of Garboczi et al. (1995) , for cracks with typical aspect ratio ξ 10 −3 , porosity at percolation is φ c 0.13 per cent; for spherical pores with ξ 1, φ c 28.5 per cent and for capillary tubes with ξ 10 3 , φ c 0.06 per cent.
To answer the second question regarding the evolution of permeability in the vicinity of the percolation threshold, continuum percolation theory is used. After Guéguen & Dienes (1989) , Guéguen & Palciauskas (1994) , Benson et al. (2006a) or Zhang et al. (2009) , to account for the fact that in the vicinity of the percolation threshold only the connected cavities contribute to the macroscopic fluid flow, a percolation factor F is introduced in the expressions of the permeability given in (5) and (6). In other words, while the permeability far above the percolation threshold (φ φ c or N v N c ) is given by k obl or k pro , it is rather given by
in its vicinity (φ φ c or N v N c ). Furthermore, according to Berkowitz & Balberg (1993) , the product N c times the excluded volume of the spheroidal cavities V ex (De Gennes 1976 ) is assumed to be an invariant of continuum percolation, playing the role of the percolation probability in the lattice percolation theory. Note that it has been observed by Garboczi et al. 
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J. Sarout (1995) through numerical simulations that N c V ex is indeed and invariant for oblate spheroids (ξ < 1) with N c V ex 3 on the one hand, and for prolate spheroids (ξ > 1) with N c V ex 3/2 on the other hand. Unfortunately, it is not constant over the whole range of spheroids geometries (ξ ∈ ]0, ∞[). In the following, it is however assumed that N c V ex is indeed an invariant of continuum percolation and hence F can be written in terms of this product as
where β is a constant of proportionality to be determined, V ex is the excluded volume given for spheroids by Garboczi et al. (1995) , and γ is a critical exponent. Following Berkowitz & Balberg (1993) or Guéguen & Palciauskas (1994) , permeability in the vicinity of the percolation threshold is assumed to be a critical phenomenon belonging to the universal class and therefore the critical exponent for fluid conductivity in 3-D in (14) is expected to be γ 2. Furthermore, following an approach suggested by Lovetskii & Selyakov (1984) , a match between the permeability predicted by (5) and (6) far above the percolation threshold, and by (12) and (13) near it can be used to determine the proportionality constant β appearing in (14), provided that the point at which these two permeabilities should coincide is known. In fact, according to Berkowitz & Balberg (1993) , the fully connected regime is reached when the cavities number density N v is about twice the cavities number density at percolation N c , that is, full connectivity is achieved when N v 2 N c . Using this extra constraint yields β 1/(N c V ex ) 2 . Fig. 8 shows the evolution of the modelled permeability as a function of porosity near the percolation threshold (red curve for N c < N v < 2 N c ) and far above it (blue curve for N v > 2 N c ) for cavities of average radius R = 100 μm and three different aspect ratios corresponding to cracks (top plot), equant pores (middle plot) and capillary tubes (bottom plot). It can be seen that for cracks and capillary tubes near the percolation threshold, permeability varies drastically within a narrow porosity range. Note that the predicted permeability evolutions (red and blue curves) are model approximations of actual rocks using an idealized rock microstructure. Obviously, in actual rocks, the permeability is not expected to switch from exactly zero to a finite value at the exact percolation threshold. In a natural rock, permeability is likely to increase 'smoothly' from an extremely low (non-measurable) to a finite value 'around' a certain critical porosity. This fact is illustrated by the dashed green curve in the plots of Fig. 8 , that is, in a natural rock having a microstructure similar to the rock model considered here, actual permeability is expected to evolve with porosity according to this dashed green curve, while modelled permeability only approximates this evolution (red and blue curves). In other words, the approximate model presented here is only meant to capture the main features of the permeability evolution around and far above the percolation threshold, as one would expect from such a simple model.
The strong decrease in the permeability of the rock near the percolation threshold is expected to affect the results of Figs 4 and 5 through Biot's cut-off frequency (1), (8) or (9). More precisely, such permeability reduction would induce an increase in Biot's cutoff frequency f b , and thus shift upwards the associated surface in Fig. 4 (surface separating the green from the blue domains), or the corresponding curves in Fig. 5 (dashed blue lines) . The domain of validity of the quasi-static undrained poroelasticity (Gassmann limit in blue) is therefore expected to widen at the expense of the dynamic poroelasticity domain (green). This effect is a direct consequence of pore space connectivity while the other microstructural characteristics of the rock remain unchanged, that is when N v varies while R and ξ remain the same. Using this complete permeability Figure 8 . Permeability evolution as a function of porosity for three average aspect ratios, around the percolation threshold (red curve), and far above it (blue curve). The green dashed line represents the possible evolution of permeability with porosity for a more complex natural rock. The three aspect ratios correspond to cracks (ξ = 10 −3 , top plot), equant pores (ξ 1, middle plot) and capillary tubes (ξ = 10 3 , bottom plot). model, Figs 4 and 5 can be appropriately adapted to the permeabilities/porosities that can possibly arise from various microstructures and pore space topologies associated with typical crustal rocks.
CONCLUSION
A simple, yet flexible permeability model accounting for variable connectivity has been devised for simple rocks with versatile microstructures. A 'simple' rock means here a single porosity rock or a rock made of narrow distributions of cavities radius R and Pore space topology and wave propagation 491 aspect ratio ξ . These cavities are randomly oriented and located in space and possibly overlap to account for connectivity of the pore space. Despite some limitations discussed in the main body of the paper, this model can be applied to a wide range of sedimentary and crystalline rocks. The case of a thermally/mechanically cracked crystalline rock and that of a granular sedimentary rock subjected to a high effective pressure have been extensively analysed.
This permeability model allowed for the quantitative comparison of three cut-off frequencies associated with the physical mechanisms accounted for by classical wave propagation theories, namely, scattering theories, effective medium theories, quasi-static (Gassmann limit) and dynamic (inertial) poroelasticity. This comparison led to the quantitative definition, in terms of explicit rock microstructural parameters R and ξ , of the frequency domains over which these wave propagation theories are likely to be valid. Few examples of application of this analysis for an improved interpretation of ultrasonic, geophysical or seismic data have been discussed.
Some of the results of this frequency analysis confirm already known results, for example, the adequate use of quasi-static poroelasticity (Gassmann limit) for interpreting seismic data in the subhertz to hertz frequency range. In contrast, some new quantitative results are demonstrated. For instance, the bounds in terms of pores aspect ratio ξ separating the domains of applicability of these wave propagation theories have been quantitatively determined. Such an extensive frequency analysis, with an explicit mapping of the validity domains of wave propagation theories, does not seem to appear in the geophysical literature.
The present approach is meant to constitute a first step towards the explicit definition of the domains of validity of classical wave propagation theories for porous rocks with more complex microstructures, for example, double-porosity rocks or rocks with wider distributions of cavities radius R and/or aspect ratio ξ . Such an extension implies devising an adequate microstructure-based permeability model for such complex rocks, which is thought to be a challenging task if the model is to remain analytical with tractable parameters and equations. However, an analysis of the model assumptions and limitations associated with the theoretical approach introduced here have already led to (i) the extension of the permeability model to the percolation domain (limited connectivity); and (ii) the suggestion of a methodology for extending it further to wider distributions of cavities size and geometry using known probability density functions. Note that a permeability model accounting for such contrasted pore space topologies (crack to tubular porosity) and dealing with the associated network connectivity issues using a single (simple) continuum formalism does not seem to have been reported in the literature.
This study is also meant to trigger and guide a more comprehensive investigation into the domains of validity of classical wave propagation theories for actual rocks found in nature. This requires experimental elastic data obtained at different frequencies with rocks having well-defined and contrasted microstructures to establish the behaviour of end-members of a more complex problem. For instance, the simple limiting cases exemplified here (cracked granite and clay-free sandstone under high effective pressure) could be, in purpose, assessed experimentally using existing laboratory capabilities. Although the experimental determination of elastic moduli of rocks at various frequencies is a vast domain of research (see references in the Introduction section), very few data sets can effectively be used for assessing these validity domains. The outcomes displayed in this paper could (i) help extracting more or more accurate information from existing data sets and (ii) help to design some experiments intentionally aimed at verifying the predicted domains of validity.
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